Abstract: Prospects for the phased anaerobic treatment of wastewater are extremely promising. With the variety of reactor designs available and the amenability of reactors to modification, existing treatment systems may be replaced or upgraded as required to achieve increased stability, higher loading capacities and greater process efficiencies than single-stage systems. In recent time, various reactor configurations and substrates are applied to two-phase anaerobic process. This paper reviews applications and studies of two-phase anaerobic degradation for wastewater treatment, sums up the performance of application to treating waste from distillery, landfill leachate, coffee, cheese whey and dairy, food, pulp and paper, sludge and solid, etc., and summarises reactor configurations, environmental and operational conditions, and comparisons of two-phase anaerobic digestion with other anaerobic reactors.
Introduction
Over the past 30 years, anaerobic wastewater treatment process became more popular due to its advantages over aerobic processing, including low biomass production, low nutrient requirements, and the production of fuel gas, such as methane gas and hydrogen. Studies have shown that anaerobic treatment is a stable process under proper operation. But parameters such as process configuration, temperature, biomass, pH, nutrient, and substrate must be carefully scrutinised in order to make successful anaerobic treatment. Many process configurations have been investigated. An improvement in the efficiency of anaerobic digestion can be brought about by either digester design modification or advanced operating techniques.
Anaerobic degradation process can be separated into two phases. The first or 'acid fermentation' phase, leads to the production of intermediate products predominated by the volatile organic acids; and the second, or 'methane fermentation' phase, resulting in the conversion of these intermediates to stable end products, principally methane and carbon dioxide. The first phase is different from the second one in bacterial varieties, digestion rate, environmental demands, degradation process and products. Conventional anaerobic digestion is proceeded in a single reactor where acidogenesis and methanogenesis both occur. Acidogenesis and methanogenesis are respectively proceeded in two separate reactors and each phase is in the best environmental conditions. The introduction of an acidogenic phase should enable optimisation of the conditions required for many of complex organic (recalcitrant) chemicals present in a wastewater to be converted to short-chain volatile fatty acids (VFA) and other simple compounds. This, in turn, buffers the slow-growing methanogens, predominantly present in second phase reactor, from possible toxins or inhibitors and ensures a uniform feed stock for the methanogens. Pohland and Ghosh (1971) have long advocated the merits of two-phase anaerobic degradation (TPAD). They investigated the acidogenesis of sewage sludge in order to achieve a significant improvement in sludge treatment efficiencies. Since this initial investigation into the TPAD, considerable research has been carried out with many high-strength industrial wastewaters to assess the advantages of this treatment over conventional single-phase systems. Massey and Pohland (1978) suggested that the process could be applied to complicated as well as simple substrates, and equations were derived describing the growth of bacteria during substrate-utilisation in the dual-phased treatment system. Research undertaken to provide kinetic predictions for the phase separation of the anaerobic degradation process has been reported. Estimate kinetic parameters for the acidogenic and methanogenic phases were obtained by sequential reductions in hydraulic retention time (HRT) in a single-staged completely mixed reactor to the point at which the production of VFAs was the domination reaction (Ghosh and Pohland, 1974) . The operation of a two-phase anaerobic process employing sludge as the primary substrate has also been recorded (Ghosh et al., 1975) , although estimates of the kinetic parameters were retarded by problems in the measurement of the concentration of active bacteria, as recycle and biomass separation facilities had not been included in the reactor system or phases.
The advantages of two-phase operation have been extensively documented (Pohland and Ghosh, 1971; Ghosh et al., 1975; Cohen et al., 1980 Cohen et al., , 1982 . Prospects for the phased anaerobic treatment of wastewater are promising. With the variety of reactor designs available and the amenability of reactors to modification, existing treatment systems may be replaced or upgraded as required to achieve increased stability, higher loading capacities and greater process efficiencies than are possible using single-stage systems. In recent time, various reactor configurations and substrates are being applied to two-phase anaerobic process. This paper reviews applications of TPAD.
Applications and performances
Two-phase anaerobic process have been applied to treat many kinds of wastewater and solid wastes from following sources: distillery, landfill leachate, coffee, cheese whey and dairy, starch, fruit and vegetable solid, food, pulp and paper, olive mill, abattoir, dye, primary and activated sludge and solid. Table 1 summarises available performance data of these applications.
Slaughterhouse waste
Wastewater from a slaughterhouse arises from different steps of the slaughtering process such as washing of animals, bleeding out, skinning, cleaning of animal bodies, cleaning of rooms, etc. The wastewater contains blood, particles of skin and meat, excrements and other pollutants. Typical characteristics of wastewater from slaughterhouses are given in follows (Ruiz et al., 1997) : pH = 6.8-7.8; COD = 5200-11400 mg/l; TSS = 570-1690 mg/l; Phosphorus = 7-28.3 mg/l; NH 3 -N = 19-74 mg/l; Protein = 3250-7860 mg/l. The performance data of various reactors used for the treatment of slaughterhouse wastewater are given in Table 2 . Table 1 Performance data on two-phase anaerobic degradation 
Cheese whey and dairy waste
The liquid waste in a dairy originates from manufacturing process, utilities and service section. The various sources of waste generation from a dairy are spilled milk, spoiled milk, skimmed milk, whey, washed water from milk cans, equipment, bottles and floor washing. Whey is the most difficult high strength waste product of cheese manufacture. This contains a proportion of milk protein, water-soluble vitamins and mineral salt (Rajeshwari et al., 2000) . The performance data of different types of anaerobic reactors for the treatment of cheese whey and dairy wastewater are given in Table 3 . 
Pulp and paper waste
In the pulp and paper industry, there are various points of wastewater generation. Some wastewater results from leaks and spills from digester. Pulp washing and bleaching gives wastewaters of various characteristics depending on the bleaching sequence. Bleaching section results in wastewater and chlorolignins. Wastewater is also generated from paper machine section, caustic chlorine manufacture and black liquor recovery. There are variations in the COD, inhibitors and the degradability depending upon the source of the wastewater (Rintala et al., 1994) . Table 4 lists the characteristics of wastewater generated from pulp and paper industry. Comparison of performance data of various reactors for wastewaters from different streams of pulp and paper is given in Table 5 .
Table 4
Characteristics of wastewater generated from pulp and paper industry (Rintala et al., 1994 ) 
Factors affect TPAD

Reactor configurations
Acidogenesis and methanogenesis of two-phase anaerobic digestion process are respectively proceeded in two separate reactors. To accelerate acidogenesis and methanogenesis process respectively, the two reactors may be applied in various high rate anaerobic reactors such as UASB -UASB system, continuous stirred tank reactor (CSTR) -upflow anaerobic filter (UAF) system, hybrid reactor, CSTR -AFBR system, two-phase plug-flow reactor (TPPFR), and anaerobic packed bed reactor (APBR).
Operational parameters
The anaerobic digestion process is affected significantly by the environmental and operating conditions. Two-phase anaerobic digestion made it possible that acidogenesis and methanogenesis process are all in the best environmental conditions and operation parameters. Each stage of two-phase anaerobic degradation not only applied above various reactor configurations, but also used different temperature, pH, HRT, organic loading rate (OLR) etc., so as to get optimum results. Anaerobic digestion is strongly influenced by temperature and can be grouped based on the temperature (Pol, 1995) : psychrophilic (0-20°C), mesophilic (20-42°C) and thermophilic (42-75°C). Anaerobic bacteria well resist temperature changes. In the mesophilic range, the bacterial activity and growth decreases by 50% for each 10°C drop. Thus, for a given degradation degree, the lower the temperature, the longer is the degradation time. The effect of temperature on the acidogenesis process is not very significant, as among the mixed population there are always some bacteria that have their optimum within the range concerned. However, the methanogenesis process can only be taken by a few microorganisms, thus, are much more sensitive to temperature shift (Mudrak and Kunst, 1986) . Anaerobic treatment of high strength wastewater or sludge was usually applied to mesophilic or thermophilic range. Each stage of two-phase anaerobic degradation process was also used in either mesophilic or thermophilic range. According to the temperature range of anaerobic digestion, two-phase anaerobic digestion included in: mesophilic-mesophilic system, thermophlic-thermophilic system, mesophilic-thermophilic system, and thermophilic-mesophilic system.
Anaerobic reactions are also highly pH dependent. The optimal pH range for methane producing bacteria is 6.8-7.2 while for acid-forming bacteria, a more acid pH is desirable (Mudrak and Kunst, 1986) . The pH of conventional anaerobic system is typically maintained between methanogenic limits to prevent the predominance of the acid-forming bacteria, which may cause VFA accumulation. It is essential that the reactor contents provide enough buffer capacity to neutralise any eventual VFA accumulation, and thus prevent build-up of localised acid zones in the conventional anaerobic digestion. While in two-phase anaerobic degradation system, each stage can use different pH value so that acidogenesis and methanogenesis processes proceed in optimal conditions, respectively. pH controlling is very important, especially to the methanogenic stage.
The overall performance of a two-phase anaerobic wastewater treatment system was determined as a function of the extent of recycle of the effluent from the methanogenic reactor to the acidification reactor (Romli et al., 1994) . The system consisted of a well-mixed continuous reactor as the acidification stage, which was controlled at pH six by automatic addition of caustic soda, and a fluidised sand bed reactor for the methanogenic stage, which was left uncontrolled. The results showed that the introduction of recycle could minimise the total operational costs of treatment due mainly to a considerable saving in alkali addition. The results confirmed earlier model predictions. The introduction of recycle acidified the methanogenic reactor, thereby removing dissolved carbon dioxide to the gas phase; this reduction in the concentration of weak acids was the principal cause of the decrease in the caustic consumption. Shin et al. (1992) applied a two-phase UASB-UASB system to treat distillery wastewater. After the formation of granular sludge in both reactors, it was possible to maintain the appropriate pH in the first phase only by recirculating the effluent from the methanogenic phase without the addition of alkaline chemicals. In a pilot scale two-phase anaerobic digester of Korean food wastes in any city near Seoul (Lee et al., 1999) , the effluent from the second reactor was recycled to the first reactor to provide alkalinities.
Effect of sulphate on TPAD
Sulphate is another industry pollutant and inhibitor of anaerobic process. The inhibition of anaerobic bacteria by methanogenesis by hydrogen sulphide, a major end product of sulphate reduction which is produced when wastewaters containing high levels of sulphates are subjected to anaerobic digestion has been widely reported in literature.
OchiengOtieno (1996) investigated a system of TPAD and demonstrated that when the operating parameters especially pH are carefully controlled, sulphate could be reduced in the acidogenic reactor without adversely affecting the normal process of acidogenesis. Phase separation could thus be said to be capable of successfully removing or reducing bacteria and methanogens. It is hoped that this process could enable wider application of anaerobic digestion to the treatment of industrial effluents especially those with high levels of sulphates, which were previously considered unsuitable for anaerobic treatment.
As compared with anaerobic toxicity assays (ATA) for industrial toxicants focused on the acetoclastic methanogens, two phase-separated ATAs for sulphate and sulphide have been conducted by means of acidogenic and methanogenic culture (Shin et al., 1995) . Seed sludge was obtained from a two-phase upflow anaerobic sludge blanket (UASB) reactor which operated on glucose as a substrate. The obtained results were compared with those of mixed culture. In the acidogenic ATA, the glucose utilisation rate could be expressed in a first-order reaction kinetic. Gas production and substrate utilisation were affected slightly when sulphate concentration was up to 6000 mg SO 4 -S/l. However, the substrate conversion to acetate was retarded by sulphate addition. When sulphide over 800 mgS/l was added in test bottles, glucose utilisation rate was retarded and the first-order kinetic constant decreased. From the results of the methanogenic ATA, it was found that methanogens were more sensitive than acidogens as the sulphate and sulphide concentration increased. Although methane production was slightly retarded by added sulphate, methane was production up to 60% of control when the sulphate was 6000 mg SO 4 -S/l. The methane production was not inhibited up to 200 mgS/l; however, it was severely retarded at 400 mgS/l. The methane production was completed inhibited in excess of 800 mgS/l. In mixed culture, the inhibiting effects of sulphate and sulphide on mixed culture differed from those of phase-separated anaerobes. Methane production was only slightly inhibited when sulphate and sulphide concentration reached up to 4000 mg SO 4 -S/l and 1200 mg S/l, respectively.
Anaerobic treatment of distillery wastewaters containing high sulphate concentrations was carried out on a two-phase process (Reis et al., 1991) . The acidogenic phase was operated so as to produce the more favourable intermediates for methanogenic bacteria coupled with maximum sulphate removal. Sulphate removal was directly affected by pH and dilution rate (D). The maximum sulphate removal and acid production was achieved at pH 6.6 and D = 0.035 h -1 . A linear relationship between acetic acid produced and sulphate removal was observed, indicating that acetic acid was mainly produced by sulphate reducing bacteria with important operational advantages. Higher concentrations of butyric acid were obtained at low pH values and high dilution rates.
The performance data of TPAD of pulp and paper wastewater containing high concentration of sulphate is given in Table 5 . Treatment efficiencies for various reactor configurations are given in Table 6 . 
Comparison of TPAD with conventional single-phase digestion in parallel
As compared with conventional single-phase (or single-stage) degradation, TPAD exhibited more advantages. Jeyaseelan and Matsuo (1995) investigated the treatment characteristics of two different substrates by two-phase anaerobic digestion at 20°C. One substrate contained 87% carbohydrates and proteins and the other 94% carbohydrates and lipids. The anaerobic system consisted of a completely mixed reactor for hydrolysis and acidogenesis reactions, and an upflow filter for methanogeneous conversions. The experiments showed that the best phase separation occurs from four to eight hours of detention times within the acid reactor. A single anaerobic system with upflow anaerobic filter alone for the same total detention times at the same substrate concentrations was operated for comparison. The results proved that two-phase digestion systems have higher digestion efficiencies than that of corresponding single-phase digestion systems. For substrate with more lipids the digestion efficiencies were very much greater.
Yeoh (1997) studied anaerobic treatment of cane-molasses stillage in a thermophilic two-phase system in comparison with the single-phase process. The experiments were conducted with HRT ranging from 36.0 to 9.0 days for single-phase and from 32.7 to 5.6 days for two-phase, corresponding to OLR of 3.452 to 14.487 and 4.646 to 20.022 kg COD/m 3 .d respectively. The methanogenic culture pH of both systems was maintained in a range 7.4-7.8 through self-regulation. The methane content of the biogas generated from the two-phase process was significantly higher by about 17% than that from the single-phase process, both decreasing with increasing substrate loading and shorter HRT. The mean overall methane yield was found to be 0.168 m 3 CH 4 /kg COD (added) or 0.292 m 3 CH 4 /kg VS (added) from two-phase methanogenesis, compared to 0.055 m 3 CH 4 /kg COD (added) or 0.082 m 3 CH 4 /kg VS (added) from single-phase fermentation. Treating the municipal solid waste coming mainly from fruit and vegetable markets, a comparison with one-phase system was carried out, showing that a two-phase system was much more appropriate for the digestion of this kind of highly biodegradable substrate in thermophilic conditions. Ghosh et al. (2000) studied bioconversion of municipal solid waste-sludge blend by conventional high-rate and two-phase anaerobic digestion. RDF (refuse-derived fuel)-quality feed produced in a Madison, Wisconsin, USA, MRF (material-recovery facility) was used. High-rate digestion experiments were conducted with bench-scale digesters under target operating conditions developed from an economic feasibility study. The effects of digestion temperature, RDF content of digester feed, HRT, loading rate, RDF particle size, and RDF pretreatment with cellulase or dilute solutions of NaOH or lime on digester performance were studied. A pilot-scale two-phase digestion plant was operated with 80:20 (weight ratio) RDF-sludge blends to show that this process exhibited a higher methane yield, and produced a higher methane-content digester gas than those obtained by single-stage, high-rate anaerobic digestion. The two-temperature, two-phase anaerobic biofilter systems (Kaiser et al., 1995) were observed to outperform single-stage anaerobic filters operated at equivalent HRTs (24, 36, and 48 hours) and OLR (from 2 to 16 kg COD/m 3 .d) for synthetic milk substrate. studied three anaerobic process configurations -namely, two-phase duel sludge (TPDS), two-stage single sludge (TSSS), and single-stage for effluent COD concentration. The same temperature, solid retention time (SRT), and glucose substrate were used in all experiment. In every case, TPDS and TSSS configurations significantly outperformed the single stage. All experiments were carried out at a temperature of 35°C, and all reactors were operated as daily fill-and-draw with HRT = SRT. The following ranges for each design parameter were studied: pH (4.5, 5.5, and 6.5); first stage HRT (3, 8, and 24 hours); and floc load (3, 9, and 27 g COD/g VSS).
The overall HRT/SRT of all systems was 30 days, and a pH-Stat system was used to control the pH in the acidification reactors at the desired value. Statistical evaluation of the results indicated that a floc load of three in the first reactor of TPDS yielded the lowest effluent COD concentrations under the studied range of parameters, while for the TSSS reactor configuration the staging of the system itself was the controlling phenomena responsible for reduced effluent COD.
Five substrates (glucose, propionate, butyrate, ethanol, and lactate) plus a mixed waste (60% carbohydrate, 34% protein, and 6% lipids) were studied under five reactor configurations: batch-fed single-stage CSTR, continuously fed single-stage CSTR, two-phase CSTR, two-stage CSTR, and single-stage UASB. The substrate feed concentration was 20000 mg/l as COD. The SRT and HRT in the CSTR reactors were 20 d, while HRT in the UASB was 2 d. All experiments were performed at 35 ± 1°C in a temperature-controlled room. All reactors were operated for at least 60 d. Two-phase CSTR, two-stage CSTR, and single-stage UASB configurations yielded the lowest effluent COD (130-550, 60-700, and 50-250 mg/l, respectively). The highest effluent COD were detected when feeding glucose, propionate, and lactate to continuously fed single-stage CSTRs (10400, 9900, and 4700 mg/l COD, respectively) and to batch-fed single-stage CSTRs (11200, 2500, and 2700 mg/l COD, respectively). The effluent COD was exhibited in Table 7 ). Massey and Pohland (1978) , Ghosh and Klass (1978) , Cohen et al. (1980 Cohen et al. ( , 1982 , and Anderson et al. (1994) have shown improved performance with the implementation of phasing (two-phase configuration) when compared to a single-stage process. Applications and investigations of above have also exhibited the advantages of two-phase anaerobic degradation processes. Each anaerobic bacteria species has an optimum microbiological environment that differs substantially from the other. Consequently, optimum anaerobic performance cannot be achieved in a single-phase anaerobic digester or reactor. Using both species of bacteria in the same reactor vessel significantly retards the efficiency of one or the other. This reality largely has been ignored or misunderstood by anaerobic treatment researchers and anaerobic treatment system manufactures. As a result, almost all existing anaerobic digesters are highly inefficient single-phase reactors. The benefits of two-phase treatment are substantial. Because each phase is maintained at its optimum pH and oxidation-reduction potential, it is able to perform at a high efficiency without an adverse environmental influence from the other. Plant startup can be achieved in weeks instead of months, and the required equipment can be reduced in size by at least a factor of three. In addition, segregation of each phase's gas generation increases the purity of the second-phase methane substantially, because it is not diluted by first-phase carbon dioxide. Such purity is an important factor if the biogas is to be used beneficially as a primary fuel and/or to generate electricity. Phase separation of anaerobic process has following major advantages: isolate and optimise potential rate-limiting steps (hydrolysis encouraged during first-phase, methanogenesis encouraged during second-phase); improve reaction kinetics and stability (pH control in each phase, improved reactor stability to shock loads, select for faster-growing microbes); potential for detoxification in first-phase. In the other hand, phase separation has the following disadvantages: disruption of syntrophic relationships; more difficult to implement, engineer and operate; lack of process experience and applicability to variety of wastes; uncertainty of linkage between substrate type and reactor configuration.
Discussions and summaries
In general, substrate type and reactor configuration would determine whether or not the wastewater was amenable to two-phase digestion. There are many applications and investigations of two-phase anaerobic digestion. However, there are not enough process experience and applicability to variety of wastes. There will be much work to do.
